The soft fundamental-measure theory, which was based on the additive colloid-polymer mixture ͓M. Schmidt, Phys. Rev. E 62, 3799 ͑2000͔͒ has been employed to investigate the adsorption of a colloid-polymer mixture within a hard slit pore. The calculated results show that the adsorption for the confined colloid-polymer mixture is very different from those of the colloid-colloid and polymer-polymer mixtures. The equilibrium particle density distribution strongly depends on the softness of a star polymer. The local relative concentration oscillates with a spatial period close to the diameter of a large particle in the same way as the equilibrium particle density distribution. The size selectivity in adsorption depends both on the softness of a star polymer and on the particle size ratio in a binary mixture. In particular, the strong adsorption occurs at the ultra-soft polymer and high bulk packing fraction.
I. INTRODUCTION
Over the last decade, the density functional theory of classical fluids has evolved into an efficient theoretical tool for studying confined fluid mixtures ͓1-4͔. Many different kinds of theories have been developed for dealing with problems such as phase separation and interfacial adsorption of mixtures in the confined systems ͓5͔. For the hard-sphere mixture, the newest and most successful approximation is the fundamental-measure theory which was developed by Rosenfeld and co-workers ͓6,7͔. The density functional approximations for various common model fluids, within the soft fundamental-measure theory, was proposed to study the structural properties in the fluid phase ͓8,10,9͔. More recently, Schmidt ͓11͔ proposed a soft fundamental-measure theory for a model colloid-polymer mixture of particles interacting with a radially symmetric pair potential. In this case, the cross interaction between unlike species can be described by the fundamental-measure theory for the hardsphere and star polymer. These interactions turn out to have a physically reasonable form ͓12,13͔. Schmidt applied it to investigate the partial pair distribution function g i j (r,) of an additive colloid-polymer mixture, and obtained reasonably good results compared with the computer simulation. Furthermore, a fundamental-measure theory for a nonadditive model colloid-polymer mixture was developed by Schmidt et al. ͓14͔. Rosenfeld et al. ͓15͔ compared the soft fundamental measure theory and the computer simulation for the pair correlation function in the fluid phase of penetrable spheres by using the test-particle limit. They showed that the penetrable sphere functional is quite successful.
Kim ͓16͔ recently extended the soft fundamental-measure theory of Schmidt ͓11͔ for the polydisperse soft-sphere fluid, and applied it to study the adsorption properties of a confined polydisperse soft-sphere fluid. He showed that the preferred species in a slit pore depends on the pore size and softness of a polydisperse soft-sphere fluid. The local relative concentration oscillates with a spatial period close to the diameter of a large particle in the same way as the equilibrium particle density distribution. The results suggest that the pore average mole fraction and local relative concentration for colloidal hard spheres mixed with star polymers are affected by the softness of a star polymer. It is generally expected that the colloid-polymer mixture shows very different adsorption properties compared with binary mixtures such as colloidcolloid and polymer-polymer mixtures, because of the softness of a star polymer. On the other hand, the adsorption behavior of an open system is very different from that of the closed system such as the spherical pore, where the number of particles N is fixed ͓17͔. This paper is arranged as follows. In Sec. II, we will briefly summarize the soft fundamental-measure theory for the additive colloid-polymer mixture, and derive the density profile equation for the colloid-polymer mixture confined in a structureless hard slit pore. In Sec. III, the local relative concentration, i.e., the local size segregation and pore average mole fraction, which represents the size selectivity in adsorption of the confined colloid-polymer mixtures, is studied theoretically and compared with the confined colloidcolloid and polymer-polymer mixtures in detail. Finally, the pore size and particle size dependence for confined colloidpolymer mixtures are also discussed.
II. THEORY
In the density functional theory for colloidal hard spheres mixed with star polymers with the particle diameter i ͓here c and p denote the diameters of the colloidal hard sphere and the polymer, respectively͔, the equilibrium particle density distribution i (r ជ) of the inhomogeneous fluid is described by the minimum of the grand canonical potential * 
where i denotes the homogeneous bulk density, and u i ext (r ជ) is an external potential acting on species i ͓19,20͔. In Eq.
͑1͒, c i
(1) (r ជ;͓ c , p ͔) is the one-particle direct correlation function ͑DCF͒ of the inhomogeneous colloid-polymer mixture, which is defined as
where F ex ͓ c , p ͔ is the excess free energy functional of the system, and c i (1) ( c , p ) is the one-particle DCF of the homogeneous colloid-polymer mixture.
Following Schmidt's expression ͓11͔, we assume an excess free energy functional F ex ͓ c , p ͔ such that
͑3͒
where ⌽͓n ␣ (s ជ)͔ is the excess free energy per volume. Then the one-particle DCF c i
(1) (r ជ;͓ c , p ͔) is simply given, from Eqs. ͑2͒ and ͑3͒, as
where the system-averaged fundamental geometric measure of the particles n ␣ (r ជ) is given by
are weight functions, and the excess free energy ⌽͓n ␣ (r ជ)͔ per volume is assumed as
Actually, the excess free energy function with the tensorial weight densities ͓7͔ can be introduced, which leads to superior results in highly inhomogeneous situations such as the crystalline phase. However, we have chosen the soft fundamental-measure theory introduced by Schmidt to investigate the structural properties of a colloid-polymer mixture, because it yields very reasonable results for the structural properties of a soft-sphere fluid. The set of weight functions appeared in Eqs. ͑4͒ and ͑5͒ is related to the generating func- For the specific form of a intermolecular potential such as a colloidal hard sphere mixed with a star polymer, a simple generating weight function can be obtained ͓11͔. Following the colloid-polymer model proposed by Schmidt, we choose the pairwise potentials between colloidal hard-sphere and star polymer as follows: ͑i͒ The interaction between the star polymer ␤u pp (r) consists of a logarithmic potential for small distances,
where ( q 2q ) is the binomial coefficient, and q denotes the softness of a star polymer. The crossover function between small and large distances q (r) is given by
, and 2 F 1 is the hypergeometric function. ͑ii͒ The hard sphere interaction ␤u cc (r) has been assumed for the colloid-colloid interaction:
͑iii͒ The colloid-polymer interaction ␤u cp (r) is assumed to have a hard core due to excluded volume induced by a colloid and an additional logarithmic repulsion:
Here note that the colloidal and polymer are simplified with the central forces.
For the above intermolecular potentials ͓Eqs. ͑8͒-͑10͔͒, the generating weight function c (3) (r) for the colloidal hardsphere case ͓8͔ is identical to the pure hard-sphere case
where (r) is the Heaviside step function. The generating weight function p (3) (r) for the polymer is given by
where q represents the softness of a polymer. In the limit q →ϱ the weight function ͓Eq. ͑12͔͒ approaches a step function p (3) (r)ϭ(R p Ϫr), and the potential becomes a hard core with the radius R p . Equations ͑7͒, ͑11͒, and ͑12͒ constitute the set of weight functions for colloidal hard spheres and star polymers.
For the homogeneous star polymer, the one-particle DCF c p
(1) ( c , p ) becomes, from Eqs. ͑4͒, ͑6͒, and ͑7͒,
and n 3 ϭ 4 3 c R c
since p (r ជ)ϭ p and c (r ជ)ϭ c for the homogeneous colloid-polymer mixture. Note here that the one-particle DCF c p (1) ( c , p ) for the star polymer is a function of the bulk densities of a star polymer as well as a colloidal hard sphere. The one-particle DCF c c (1) ( c , s ), corresponding to a colloidal hard sphere, becomes
͑15͒
The combined equations ͑1͒, ͑4͒, ͑13͒, and ͑15͒ constitute the density profile equation for an additive colloid-polymer mixture.
On the other hand, for an ͑additive͒ colloid-colloid mixture the one-particle DCF c i
(1) ( 1 , 2 ) ͓6͔ becomes
Many authors ͓6,17,18͔ showed that, for a confined colloidcolloid mixture, the fundamental-measure theory yields very good results compared with the computer simulation. For the ͑additive͒ polymer-polymer mixture, the oneparticle DCF c i
(1) ( 1 , 2 ) becomes
for iϭ1 and 2, ͑17͒
Note here that the polymer-polymer mixture was recently extended to investigate the adsorption properties of confined polydisperse soft-sphere fluid with the continuous particle distribution ͓16͔. For the structureless hard slit pore, the external potential ␤u i ext (z) is simply given as
where L and z are the width of the slit pore and distance from a hard slit wall, respectively. The maximum distances available to the center of a colloidal hard sphere or a star polymer are LϪR i . Then all quantities only depend on the z axis, but not on x and y; i (r ជ)ϭ i (z), and so on. The equilibrium particle density distribution function ͓Eq. ͑1͔͒ becomes
͑20͒

III. RESULTS AND DISCUSSION
The equilibrium particle density distribution i (z) i 3 and its corresponding local relative concentration i (z) for the binary fluid mixtures are displayed in Fig. 1 as a function of the distance from a hard slit wall, where the packing fraction for the binary fluid mixture is given as ϭ⌺ iϭ1 2 i i 3 /6. The particle diameter has been taken to be the unit of a length, and the bulk mole fraction xϭ 1 /⌺ iϭ1 2 i is 1/2. Actually, the size of a colloidal sphere is not large compared to that of a polymer. However, here we used a relatively small sphere for the colloidal particle to study the size effect in adsorption properties of a colloid-polymer mixture ͓21͔. As can be seen from Fig. 1͑a͒ , the calculated equilibrium particle density distribution strongly depends on the intermolecular interaction between two particles. For the large-q value, i.e., the strong repulsive interaction between the star polymers, a higher particle density distribution developed near a slit pore; for the colloid-colloid mixture a higher particle density distribution can be found near a hard slit pore, this is to be compared with the polymer-polymer mixture, which has a soft-sphere interaction between two particles. An interesting fact is that, in a colloid-polymer mixture, the particle density distribution for the polymer is lower compared with that for a colloidal hard sphere in a colloidcolloid mixture because of the softness of a polymer; however, the particle density distribution for a colloidal hard sphere is almost the same as that in the colloid-colloid mixture. These results suggest that in a colloid-polymer mixture the equilibrium particle density distribution depends strongly on the softness of a star polymer. As for the equilibrium particle density distribution, the distance between the two peaks is also almost the same as the diameter of a star polymer. In Fig. 1͑b͒ , the local relative concentration or concentration profile i (z) is displayed, which is defined as
where the local relative concentration represents the effect of the local size segregation between particles of different species ͓22͔. It is expected that the strong local relative concentration is related to the large particle density difference between two particles. As can be seen from Fig. 1͑b͒ , the calculated local relative concentration shows the strong local size segregation with local cross correlation between particles of different sizes around the bulk mole fraction (x ϭ1/2) in the relative amounts of small and large particles. Strong local size segregation near a slit pore was developed for a colloid-colloid mixture with a strong repulsive interaction compared with that of a polymer-polymer mixture. This means that the large size selectivity in adsorption depends on the softness of a star polymer. The local relative concentration oscillates with a spatial peak close to the diameter of a star polymer with a large diameter, in the same way as the equilibrium particle density distribution does. In particular, Roth and Dietrich recently showed that for a colloid-colloid mixture near a hard wall the oscillatory behavior obtained by the fundamental-measure theory agrees excellently with the computer simulation ͓18͔.
In Fig. 2 we show the calculated equilibrium particle density distribution and its corresponding local relative concentration for binary fluid mixtures with different particle size ratios. As can be seen from Fig. 2 , the equilibrium particle density distribution depends on the intermolecular potential between two particles. Higher particle density distributions are developed for the colloidal hard sphere, while lower particle density distributions are found in a star polymer. In particular, the particle density distribution for a colloidal hard sphere in a colloid-colloid mixture is almost the same as that of a colloidal hard sphere in a colloid-polymer mixture. For the small particle size ratio the effect of softness is smaller than that in the large particle size ratio. However, a comparison with Fig. 1 shows that the local size segregation depends both on the particle size ratio and on the softness of a star polymer. The local relative concentration oscillates with a spatial peak close to the diameter of a large particle, as does the equilibrium particle density distribution. The pore average mole fraction i for the binary fluid mixture is displayed in Fig. 3 as a function of the slit width L/. Here the pore average mole fraction i is defined as
and represents the size selectivity of a confined binary fluid mixture. For the binary fluid mixture, the adsorption of particles with a size i is preferred when the pore average mole fraction i is greater than 1 2 . For a large particle size ratio the pore average mole fraction for a colloid-colloid mixture is larger than that for a polymer-polymer mixture. However, the pore average mole fraction for a colloid-colloid mixture is almost the same as that for a colloid-polymer mixture. On the other hand, for a small particle size ratio the pore average mole fraction for a colloid-polymer mixture is smaller than that for a polymer-polymer mixture. The pore average mole fraction for a polymer-polymer mixture is almost the same as that for a colloid-colloid mixture. The calculated results also show that for a small particle size ratio the pore average mole fraction is relatively smaller than that for a large particle size ratio. This means that the particle size selectivity for a binary fluid mixture increases with increasing particle size ratio in the mixture.
The calculated pore average mole fractions for three different binary mixtures are shown in Fig. 4͑a͒ as a function of the star polymer diameter p , where the diameter of a colloidal hard sphere is taken as the unit diameter c ϭ. As can be seen from Figs. 3 and 4͑a͒, the pore average mole fraction shows very different size selectivities depending on the diameter of a star polymer. For colloid-colloid and polymer-polymer mixtures, the pore average mole fraction decreases with the increasing diameter of a star polymer, up to p ϭ1, and again increases with increasing p when p is greater than the unit of a diameter. At a large particle ratio, the adsorption for a colloid-colloid mixture is larger than that for a polymer-polymer mixture. However, one interesting thing is that for the small particle size ratio the pore average mole fraction for a colloid-polymer mixture is smaller than that for a colloid-colloid mixture, but it increases with increasing particle size ratio and exceeds those of other binary fluid mixtures. For a colloid-polymer mixture, the same pore average mole fraction p ϭ c for a colloidal hard-sphere and a star polymer has been found near p ϳ0.75, due to the softness of a star polymer. The above result suggests that there seems to exist no direct relationship between the intermolecular potential and the pore average mole fraction of the binary fluid mixture. In Fig. 4͑b͒ , the pore average mole fraction for a colloid-polymer mixture with three different softnesses is displayed. As for a small particle size ratio, a colloid-polymer mixture with a high-q value shows a large pore average mole fraction, whereas for a large particle size ratio a colloid-polymer mixture with a low-q value shows a large pore average mole fraction. This means that the size selectivity of a confined colloid-polymer mixture depends not only on the particle size ratio, but also on the softness of a star polymer. In adsorption, the particle size dependence can be explained by the results of a competition between the Helmholz free energy and the chemical potential ͓20͔. The excess free energy increases when the q value of a star polymer is increased. Then the excess free energy is more important than the chemical potential. The larger the particle size, the higher the free energy. Thus the pore average mole fraction for a colloid-polymer mixture increases with an increasing q value of a star polymer.
In Figs. 5 and 6, we show equilibrium particle density distributions for colloid-polymer mixtures with different size ratios p / c . The calculated result shows that the equilibrium particle density distribution depends on the softness of a star polymer in a colloid-polymer mixture. The strong repulsive interaction causes a higher density development and a strong local relative concentration near a hard wall. For a large polymer, the effect of softness is larger than that for a small polymer, and increases with an increasing particle size ratio. The distance between two particle density distributions depends on the diameter of a large particle, but not on a colloidal hard sphere and a star polymer. The calculated pore average mole fraction for colloid-polymer mixtures with different particle size ratios is shown in Fig. 7 as a function of the slit pore width L/. The calculated results again show that the softness of a star polymer affects the size selectivity of a colloid-polymer mixture. With an increasing diameter of a polymer, the pore average mole fraction increases. In this case, the pore average mole fraction values for small or large particles result almost linearly with an increase in the pore size. The calculated pore average mole fraction for a colloidpolymer mixture with p / c ϭ1 is presented in Fig. 8 as a function of the packing fraction . In this case, the pole average mole fraction for a star polymer is larger than that for a colloidal hard-sphere. At a low bulk packing fraction, the pole average mole fraction approaches the bulk mole fraction xϭ 1 2 , and the softness of a star polymer does not affect the pore average mole fraction. With an increasing bulk packing fraction, the pore average mole fraction for a colloid-polymer mixture with a low-q value rapidly increases compared with colloid-polymer mixtures with a high-q value. This result explains that a large size selectivity occurs at the low-q value and at a high bulk packing fraction. This kind of result can be seen in the adsorption of a polydisperse soft-sphere fluid confined in a structureless hard pore, where it has the continuous distribution of the particle diameters ͓16͔. The calculated pore average mole fraction for a colloidpolymer mixture with p / c ϭ2 is presented in Fig. 9 . As can be seen from this figure, the pore average mole fraction for a large particle decreases with an increasing bulk packing fraction; for a binary hard-sphere mixture confined in a hard spherical pore, the pore average mole fraction for a large particle increases with an increasing bulk packing fraction ͓16͔.
IV. CONCLUSIONS
We have employed the fundamental-measure theory for an additive binary fluid mixture to investigate the selective adsorption of binary fluid mixtures confined in a structureless hard slit pore. The adsorption for a confined colloidpolymer mixture is very different from that for colloidcolloid and polymer-polymer mixtures. For a fixed slit pore the equilibrium particle density distribution and local relative concentration depend on the intermolecular interaction between two particles and the softness of a star polymer. The size selectivity of a confined colloid-polymer mixture depends not only on the particle size ratio but also on the softness of a star polymer. The calculated result suggests that there seem to exist no general relationship between the pore average mole fraction for a binary fluid mixture and the intermolecular potential of the mixture. Here one interesting fact is that for the slit pore system the pore average mole fraction for a large particle decreases with an increasing bulk packing fraction, whereas for a closed system such as a spherical cage the pore average mole fraction for a large particle increases with an increasing bulk packing fraction. Actually, the adsorption behavior of an open system is very different from that of a closed system such as a spherical pore, where the number of particles N is fixed ͓16͔. Another interesting point is the effect of wall deformations on the additive colloid-polymer mixture confined in a slit of deformable walls ͓23͔, and the phase separation in a star polymer-colloid mixture ͓24͔. We will investigate these problems in the near future. 
